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ABSTRACT

Ceiling fans contribute significantly to residential electricity consumption, both in an absolute
sense and as a proportion of household consumption in many locations, especially in developing
countries in warm climates. However, there has been little detailed assessment of the costs and
benefits of efficiency improvement options for ceiling fans and the potential resulting electricity
consumption and greenhouse gas (GHG) emissions reductions. We analyze the costs and benefits
of several options to improve the efficiency of ceiling fans and assess the global potential for
electricity savings and GHG emission reductions with more detailed assessments for India,
China, and the U.S. We find that ceiling fan efficiency can be cost-effectively improved by at
least 50% using commercially available technology. If these efficiency improvements are
implemented in all ceiling fans sold by 2020, 70 terrawatt hours per year (TWh/year) could be
saved and 25 million metric tons of carbon dioxide (CO,) emissions per year could be avoided,
globally. We assess how policies and programs such as standards, labels, and financial incentives
can be used to accelerate the adoption of efficient ceiling fans in order to realize this savings
potential.

Keywords: Ceiling fan, Efficiency, Residential, Bottom-up, Standards and labeling, Financial
incentives
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Executive Summary

This report presents the results of an analysis, commissioned by the United States Department of
Energy (US DOE), of ceiling fan efficiency. This analysis was prepared in support of the Super-
efficient Equipment and Appliance Deployment (SEAD) initiative.! The International Energy
Studies group at Lawrence Berkeley National Laboratory (LBNL) performed the analysis. The
objective of this analysis is to provide the background technical information necessary to
improve the efficiency of ceiling fans, and to provide a foundation for the voluntary activities of
SEAD participating countries.

SEAD aims to transform the global market by increasing the penetration of highly efficient
equipment and appliances. SEAD partners work together in voluntary activities to: (1) “raise the
efficiency ceiling” by pulling super-efficient appliances and equipment into the market through
cooperation on measures like incentives, procurement, and awards; (2) “raise the efficiency
floor” by working together to bolster national or regional minimum efficiency standards and
labels; and (3) “strengthen the efficiency foundations™ of programs by coordinating cross-cutting
technical analysis to support these activities.”

' An initiative of the Clean Energy Ministerial (CEM) and a task within the International Partnership for Energy
Efficiency Cooperation (IPEEC), SEAD seeks to engage governments and the private sector to transform the global
market for energy-efficient equipment and appliances. As of October 2012, the governments participating in SEAD
are: Australia, Brazil, Canada, the European Commission, France, Germany, India, Japan, Korea, Mexico, Russia,
South Africa, Sweden, the United Arab Emirates, the United Kingdom, and the United States. More information on
SEAD is available from its website at http://www.superefficient.org/ .




Motivation for this Study

Ceiling fans make up a significant amount of residential electricity consumption in many
countries around the world. For example, previous research shows that ceiling fans accounted for
about 6% of residential primary energy use in India in 2000, and this figure is expected to grow
to 9% in 2020 (de la Rue du Can et al. 2009). Fan use in the commercial sector is also likely to
be significant, a recent study on appliance load in residential and commercial sectors in the
western state of Gujarat in India found that ceiling fans accounted for 5.7% of the load from
commercial establishments (Garg 2010). Fans are also well known to be a cost-effective option
for reducing air conditioner electricity demand; air conditioners account for about 16% of
residential electricity consumption in the U.S. (U.S. DOE & U.S. EPA 2010).Thus, the energy
efficiency of ceiling fans is an important area to address in reducing overall energy consumption
in many countries.

However, the economic and engineering literature and data on ceiling fan energy consumption
and efficiency improvement options are sparse. This study analyzes the cost-effectiveness of
several efficiency improvement options in ceiling fans and estimates the global potential for
energy and carbon dioxide (CO,) emissions savings. We utilize the Bottom-Up Energy Analysis
System (BUENAS) to make these global potential estimates. This paper also offers some insights
into design of policies to support ceiling fan energy efficiency improvement.

Objective and Scope

The objective of this analysis is to identify potential ceiling fan efficiency improvements and
their incremental costs to assess the cost effectiveness of these options and to provide
approximate global and country-specific estimates of the total energy savings potential of these
improvements. The overarching goal is to provide relevant and appropriate information to
support the design of policies and programs that will accelerate the market penetration of
efficient ceiling fans.

Although ceiling fan systems are made up of multiple components that affect energy
consumption; this report focuses on two of the most important components from energy
consumption perspective that could be improved: motors and blades (see Figure 1). Figure 2
shows data on energy efficiency of U.S. ENERGY STAR qualified ceiling fans. The far left data
points represent fans that have brushless direct current (BLDC) motors which are almost twice as
efficient as induction motors typically used in ceiling fans and also have more efficient blades.
As aresult these ceiling fans are between two to four fold more efficient as the US Energy Star
requirement. These results are indicative of the large potential for ceiling fan energy-efficiency
improvements using commercially available technology.
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Data Sources and Analysis Method

The literature and available data on ceiling fan energy consumption are sparse. Our team
obtained the data for this report from a review of the literature, including technical reports; U.S.
ENERGY STAR databases; participation in international conferences; and interviews with
experts in the field.

We begin by clarifying ceiling fan performance measures, with attention to the fluid mechanics
of turbomachinery. We derive relationships among: ceiling fan power consumption, rotation
speed, downward air velocity, volumetric airflow, and efficacy (measured in airflow per unit
power consumed). This allows us to understand the engineering basis of current ceiling fan
standards in various countries.

We then consider efficiency improvement options focusing on the introduction of efficient fan
blades, efficient alternating current (AC) induction motors, and the substitution of brushless
direct current (BLDC) motors for AC induction motors. We show that the most efficient fans on
the market are already using some of these technologies, such as BLDC motors and efficient
blades. We estimate the cost of implementing these efficiency improvement options and the
corresponding gains in efficiency from a review of the literature and interviews with experts in
the field and estimate their cost effectiveness.

We utilize our estimates for the efficiency improvement potential for a typical ceiling fan in the
Bottom-Up Energy Analysis System* (BUENAS) to assess the global potential energy
consumption and CO; emissions benefits of increased ceiling fan efficiency. Our analysis
compares future ceiling fan energy consumption for two scenarios: a base or business-as-usual
(BAU) case, which assumes current usage and efficiency trends, and an efficiency scenario,
which considered adoption of cost effective efficiency measures in new ceiling fans sold. The
electricity consumption reduction seen in this efficiency scenario represent an approximate
estimate of the total cost effective techno-economic saving potential, a part of which can be
captured by promoting policies and programs to accelerate the adoption of efficient fans.

Analysis Results

Results for individual ceiling fans are used to inform results of potential global energy savings
from fan efficiency improvements.

A. Benefits for Individual Ceiling Fans

We estimate the cost of conserved electricity (CCE) for various efficiency improvement options
to assess their cost effectiveness; improvements for which CCE is lower than the cost of

* http://www.superefficient.org/en/Products/BUENAS.aspx
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electricity are cost effective.” CCE is estimated by dividing the electricity savings due to an
efficiency improvement option by the annualized incremental cost of that efficiency
improvement option. Table 1 shows estimates of the cost of conserved electricity (CCE) and
corresponding annual energy savings from using the various energy efficiency improvement
options in fans in India. These results show the significant potential for cost effective savings
because CCE for these options is less than 3 cents/kWh whereas the cost of electricity is
typically greater than 7 cents/kWh. We note that although Table 1 is focused on India, these
improvements are feasible currently, so the technology also has potential for being utilized
internationally. Cost effectiveness analysis of efficiency improvement options in other
economies are presented in Appendix D. Since our analysis is primarily based on data on costs of
efficiency improvements in India and US, the cost effectiveness analysis is more robust for these
countries. Given the globally traded nature, maturity and high contribution of materials costs to
the total costs of the efficiency technologies considered, we argue that cost estimates based on
the data in India and US are likely to be a reasonable approximation of the costs in other regions.
The cost effectiveness analysis for other regions takes into account region specific estimates of
usage and discount rates.

Table 1 Incremental manufacturing costs, annual energy savings and CCE for various
efficiency improvement options in ceiling fans in India®

%

reduction | Average Annual

from incremental energy

baseline manufacturing | saved per CCE
Efficiency Improvement Option power cost($) fan (kWh) ($/kWh)
Improved AC Induction Motor (A ) 36% $1.5 80 $0.005
BLDC Motor (B) 50% $10.5 112 $0.027
Efficient Blades (C) 15% $3.5 33 $0.031
A+C 45% $5.0 101 $0.014
B+C 57% $14.0 129 $0.032

B. Global Potential Energy Savings

As seen in Table 1, achieving 50% reduction in power consumption using BLDC motors is cost
effective. A combination of BLDC motors and efficient blades can reduce the consumption
further. As a conservative estimate, based on the discussion in section 2.2.3, the global energy

> Cost of electricity(CCE) for consumers is the electricity tariff; hence if CCE is lower than the tariff, then the
corresponding efficiency improvement options are cost effective from a consumer perspective.

® Efficiency improvement options from single components are presented first followed by efficiency improvement
options from combining two options. The options are subsequently ordered by increasing cost of conserved energy.
Also option C, efficient blades can be used with both BLDC and AC motors. While BLDC motors and AC motors
are widely available, efficient blades may be proprietary designs, and also carry associated aesthetic tradeoffs.

7



savings analysis using BUENAS assumes that ceiling fan energy consumption can be reduced by
50%. The results of our analysis, depicted in Figure 3, indicate that a phase-in from 2012 to 2016
of efficient ceiling fans with equivalent improvements could significantly reduce global
residential energy consumption. Residential energy consumption could be reduced by
approximately 70 TWh/year by 2020 versus the business as usual (BAU) scenario.

TWh mm India
300 il
mm China
us
24l e Brazil
ey
200 mmm Indonesia
South Africa
150 - Russia
e Mexico
100 Efficiency Scenario (EFF): - mmm Korea
Efficient fans enter the i Japan
50 market at a rate of 20% - mmm Canada
per year starting in 2012 I Australia
o i 1 C—JEFF
2000 2005 2010 2015 2020 2025 2030 ——BAU

Figure 3 Potential electricity savings resulting from introduction of efficient fans, 2000-
2030

C. Insights for Market Transformation Programs

This paper shows that there are several cost-effective options to improve ceiling-fan efficiency
that could reduce fan energy consumption by more than 50%. Several barriers, including high
first cost and lack of information (e.g., lack of labels that recognize highly efficient performance,
lack of technical capacity), have been identified as contributing to the limited adoption of highly
efficient fans (Singh et al. 2010). Out of the several types of policies typically used to accelerate
adoption of efficient products (e.g., awards, incentives, and standards and labeling programs),
standards and labeling programs are the most commonly used to accelerate the market
penetration of efficient fans.

The standards and labels levels for Bureau of Energy Efficiency (BEE)’s star rating program in
India are presented in Figure 4. These efficacy levels are tested under different conditions
(notably airflow requirements/speeds) than standards and labels in the US, Europe and China so
they cannot be directly compared against each other without accounting for this fact.” However,
the improvements in efficacy discussed in this report are applicable across the range of

7 See Appendix C for a discussion of the effect of fan speed on efficacy. Increasing airflow from 5000 CEM (the US
high speed) to 7415 CFM (i.e.210 m’/min, the minimum airflow for star rated fans in India), i.e. A 48% increase
will yield a decrease in efficacy of at most 35%.



commonly encountered airflows, i.e. these improvements will offer significant energy savings of
a similar order of magnitude regardless of airflow, and test procedure alignment. For
comparison, the US ENERGY STAR label has an efficacy requirement of 4.2 (m*/min/W) at low
speeds and 2.1 (m*/min/W) at -high speeds while the lowest standard for efficacy in China varies
by fan size from 3.47 (m3/min/W ) for 1800 mm fans to 2.75 (m3 /min/W) for 900 mm fans (U.S.
DOE & U.S. EPA, 2010, and AQSIQ, 2010).

i8
16 w1 Star
I 5 Star
14
~ =~ Bast available {international}
iz
i Efficient blades + brushless
£ 10 DC motor
£
o
_E_ - = Brushless DC motor
o 8
@
L
& Efficient blades + Improved
TTTTTTeTe - T T T AC Induction Motor
6
= = == |mproved AC Induction Motor
4
____________________ Efficient blades
2
- = == Baseline
0 T
BEE star labels
{India}

Figure 4 BEE (India) star labels compared to estimates of potential ceiling fan efficacy®

Thus as is evident from Figure 4, the highest efficacy level recognized by labels in several
countries is significantly lower than what can be achieved by adopting cost effective efficiency

¥ Note: The baseline efficacy value is based on the average values reported as ‘National Player’s
Models’ presented in (Garg & Jose 2009). Incremental improvements correspond to those presented
in section 2.2. The efficacy level of the best available fan corresponds to the fan with the highest
efficacy in Figure 4.
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options. Hence current efficacy label levels need to be revised significantly to encourage deeper
penetration of efficient ceiling fans at the top of the market with efficacies achievable using
BLDC motors and efficient blades that are already on the market in the US, and that are cost-
effective.

The low penetration levels of efficient ceiling fans in both India and the US even with labeling
programs in place’ seems to indicate the presence of barriers to efficiency in addition to
information, such as first cost, (e.g. as discussed in Reddy, 1991) that may not be able to be
addressed fully within a standards and labeling framework. In emerging economies, consumers
are highly sensitive to high first costs (Singh et al. 2010). However, despite the large saving
potential, financial incentive programs to promote the adoption of highly efficient fans by
removing this first cost barrier are not common.

One notable example under development is the Super-Efficient Equipment Program (SEEP) in
India where financial incentives will be provided to fan manufacturers to produce and sell highly
efficient fans that consume less than half of the energy consumed by fans typically sold on the
Indian market (Singh et al. 2010). Even if the entire incremental cost of the highly efficient fans
is covered by the financial incentives, the cost of the conserved electricity for efficiency
improvements over 50% is just Rs. 0.7 per kWh ($0.014/kWh) which is about one sixth of the
cost of supplying electricity in India (J. Sathaye & Gupta 2010). SEEP or a similar upstream
incentive program for ceiling fans would be cost-effective even assuming higher costs and lower
hours of use as discussed in section 2.3.

It is quite likely that a financial incentive program accelerating the penetration of highly efficient
fans has a large cost effective saving potential in several other countries and should be
considered as one of the key options for reducing electricity demand and emissions.

? BEE’s voluntary star rating program for fans only covered 2% of the Indian market, while only 18% of the
fans(without a light kit) on the US ceiling fan market were compliant with ENERGY STAR (PWC, 2012, and EPA
2011) indicating significant room for efficiency improvement.

10



1. Introduction

This report presents the results of an analysis, commissioned by the U.S. Department of Energy,
of ceiling fan efficiency. This analysis was prepared in support of the Super-efficient Equipment
and Appliance Deployment (SEAD) initiative.' SEAD aims to transform the global market by
increasing the penetration of highly efficient equipment and appliances. The International Energy
Studies group at Lawrence Berkeley National Laboratory performed the analysis. The objective
of this analysis is to provide the background technical information necessary to improve the
efficiency of ceiling fans and to provide a foundation for the voluntary activities of SEAD
participating countries.

SEAD partners work together in voluntary activities to: (1) “raise the efficiency ceiling” by
pulling super-efficient appliances and equipment into the market through cooperation on
measures like incentives, procurement, and awards; (2) “raise the efficiency floor” by working
together to bolster national or regional minimum efficiency standards and labels; and (3)
“strengthen the efficiency foundations” of programs by coordinating cross-cutting technical
analysis to support these activities.

Energy-efficiency programs for appliances and equipment have successfully reduced electricity
consumption in many locations around the world (Geller et al. 2006). In addition, energy
efficiency is an approach by which development pathways can be directed toward lower
greenhouse gas (GHG) emissions, increased economic benefits (J.Sathaye et al, 2009), and job
creation (Wei et al. 2010). Significant opportunities exist to improve the efficiency of major
energy-consuming appliances and equipment (McNeil et al. 2008; Phadke 2010).

Ceiling fans contribute significantly to residential electricity consumption in warm climates and
especially in developing countries. For example, in India, ceiling fans accounted for about 6% of
residential primary energy use in 2000. This figure is expected to grow to 9% in 2020(de la Rue
du Can et al. 2009), an increase that is equivalent to the output of 15 mid-sized power plants.” In
addition, ceiling fan ownership rates have been shown to significantly increase in low-income
Indian households as income levels increase (de la Rue du Can et al. 2009). However, in India as

' An initiative of the Clean Energy Ministerial (CEM) and a task within the International Partnership for Energy
Efficiency Cooperation (IPEEC), SEAD seeks to engage governments and the private sector to transform the global
market for energy-efficient equipment and appliances. As of October 2012, the governments participating in SEAD
are: Australia, Brazil, Canada, the European Commission, France, Germany, India, Japan, Korea, Mexico, Russia,
South Africa, Sweden, the United Arab Emirates, the United Kingdom, and the United States. More information on
SEAD is available from its website at http://www.superefficient.org/ .

? For this estimate we assume an increase in BAU power consumption of ~20TWh, as outlined in the global analysis
(Section 3 of this report). We also conservatively estimate that one-tenth of ceiling fans are used during the peak
hour and that a mid-sized power plant has a 500-megawatt capacity and runs at 70% efficiency, as described by
(Koomey et al. 2010). However, currently installed power plants in India have a much lower average efficiency (de
a Rue du Can et al. 2009).



in most developing countries, much of the efficiency literature and efficiency programs to date
have focused on lighting improvements, primarily to encourage a shift from incandescent to
compact fluorescent bulbs.’ The only notable study to estimate the potential for electricity
savings and GHG emissions mitigation through improvements in the efficiency of ceiling fans is
Letschert and McNeil (2008). Although ceiling fan standards and labeling programs are specified
for every major economy in the world (Waide et al. 2011), these programs only discourage
highly inefficient fans from the market. As a result, a large savings potential remains untapped.
Information on commercially available highly efficient fans suggests that, in most instances, fan
electricity consumption can be reduced by more than 50% compared to what is stipulated by
standards and labeling programs. For example, the Emerson Midway Eco fan is advertised as

3
operating at high speed with an efficacy of 10 %/ W (Emerson Climate Technologies 2010),

3
compared to the Bureau of Indian Standards (BIS) minimum standard of 4 %/ W for a fan with

1.2-meter (m) diameter (Bureau of Indian Standards 2007), which is the most stringent standard
for ceiling fans in the world. Both values are significantly higher than the U.S. ENERGY STAR

3
voluntary criterion of 2.1 %/ W for a ceiling fan operating at high speed.

In developed countries and countries with milder climates, a smaller fraction of electricity
consumption is attributable to ceiling fans than in developing countries and those with warmer
climates. Nevertheless, ceiling fans account for as much as 5% of residential electricity use in the
U.S., although this varies greatly by region (Calwell & Horowitz 2001). Even in areas where
ceiling fans do not constitute a significant fraction of electricity demand, they can reduce energy
consumption by reducing other cooling or heating demands. Fans are well known to be a cost-
effective option for reducing the electricity demand of air conditioners (R.-L. Hwang et al. 2009;
Arens et al. 2009), and air conditioners are responsible for about 16% of residential electricity
consumption in the U.S. Fans also make heating sources more effective when operated in reverse
mode (U.S. DOE & U.S. EPA 2010). In addition, ceiling fans are typically considered essential
features of passive cooling designs aimed at achieving energy efficient thermal comfort (S. Ho et
al. 2009; Santamouris et al. 2007).

The above facts demonstrate that increasing the energy efficiency of ceiling fans is important for
reducing energy consumption associated with cooling in many countries around the world.
Despite this fact, there is a little information and documentation available on ceiling fans and
energy consumption. Thus, there is need for systematic technical and economic analysis of
efficiency improvement options for ceiling fans, taking into account the latest engineering
developments, such as we undertake in this study.

? Lighting programs can be identified in several countries around the world (de M. Jannuzzi & dos Santos 1996;
Dutt & Mills 1994; Obeng & Evers 2010; Sauer et al. 2001; Shensheng et al. 1996).
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This study assesses the potential for fan efficiency improvement options to save energy, resulting
in corresponding environmental and economic benefits in various countries. We analyze the
cost-effectiveness of fan efficiency improvements and estimate the global potential for energy
and CO, emissions savings. We utilize BUENAS to make these estimates (McNeil et al. 2008).
Section 2 of this report presents a technological and economic analysis of fan efficiency
improvement options and Section 3 presents global energy savings estimates. Section 4 describes
ancillary benefits, particularly for sustainable development. Section 5 discusses uncertainties and
future work, and concludes the paper.



2. Technological-economic assessment of efficiency improvement options in ceiling
fans

This section discusses the potential for improving ceiling fan efficiency from an engineering
standpoint.

2.1. Measuring ceiling fan performance

The purpose of this discussion is to clarify terminology related to fan performance, describe how
shifting fan design variables can affect performance, and relate these issues to the state-of-
practice in policy design. Fluid mechanics concepts applicable to fan operation are presented in
Appendix A.

2.1.1. Efficiency and efficacy
Ceiling fan energy performance is typically measured in airflow per unit power consumed, in
units of WT—;/ W. The thermal comfort effects of fans are dependent on: a) downward air speed (s),

measured in units of m/min; b) the area measured in m?, of the annulus covered by the sweep.
Airflow (q) measured in m3/min can be described as a function of air speed (s), as shown in Eq.
1, where r is the distance from the center of the fan, [ is the length of the maximum coverage
radius, and s is a function of r.

!
q= an s(r)dr Eq. 1
0

The reason that s is described as a function of r is that air speed varies along the radius of the fan
(Bassiouny & Korah 2011); however we note that Eq. 1 inherently assumes that airspeed is
constant along each circumference associated with each given value of r on the interval [0, [].

Eq. 1 can be simplified to Eq. 2 in the hypothetical situation that airspeed is constant along the
radius of the fan, and in turn s is uniform over the coverage area (a).

q:aXS:]TT'ZXS qu

The variable g can be divided by the power demand p to derive the performance measure in units
3
of % /W, which represents the ratio of air delivery to power input. Thermal comfort will be

further considered in section 4 and Appendix B. The term “efficiency” is commonly used in an
overall sense in the energy-efficiency literature, as well as in engineering discussions to represent
the ratio of mechanical output to electrical input power. In this paper, we follow the example of
earlier studies (e.g., Chakraborty et al. 2004 ) and use the term “efficacy” to refer to fan

3
performance when it is specifically discussed in units of %/ W, and the term “efficiency” as a

general performance descriptor and when discussing motors. Note: In Europe and India the term
“Service Value” is used to refer to efficacy.



2.1.2. Treatment of fan performance in standards and labeling programs

Standards and labeling programs for ceiling fans are typically designed to ensure a specified
level of efficacy. Specifications include sub-categories that are classified by characteristics such
as fan size, operating speed or airflow. Fans have higher efficacy at lower speeds, as described in
Appendix C. Therefore standards and labeling programs categorize fans by operating speed. Fan
efficacy can also be increased through increasing blade length, as described in Appendix A,
because power consumption is proportional to the inverse of the fourth power of blade length, at
constant airflow. Accordingly, some programs categorize fan standards and labels by fan size or
sweep.

Table 2 summarizes fan standards and labeling frameworks in various countries. In the U.S., the
ENERGY STAR program specifies minimum ceiling fan efficacy levels for three different
airflow levels (U.S. DOE & U.S. EPA 2010). See section 5.1 and Appendix C for a discussion of
the importance of including fan speed as a consideration in a ceiling fan efficiency improvement
program. Similarly, the Indian standard IS-374 defines minimum efficacy levels for five different
ceiling fan size categories. In addition, the Indian Bureau of Energy Efficiency (BEE) maintains
a star rating system based on fan efficacy (Singh et al. 2010); however, the Indian star rating
system is applicable to only one size of fan (1200 mm) and does not vary by fan speed. The draft
European Eco-design (Riviere 2008) and Chinese efficacy standards (General Administration of
Quality Supervision Inspection and Quarantine (AQSIQ) of the People’s Republic of China
2010) also vary by fan size. In addition, the Chinese standard defines three different efficacy
performance levels. In other words, the Chinese standard functions as both minimum energy
performance standard (MEPS), and a rating system.

Table 2 Summary of characteristics used in various standards and labeling programs

Country | Agency itaegle(}ard/ I\V/Ijlrlll crlli:;;y/ Speed Zlfeegory Rating type
Specifies minimum
India BIS Standard | Voluntary < efficacy for various
fan sizes
Assigns star ratings to
India BEE Label Voluntary ?r?rlril 1200 fans meeting minimum
efficacy requirements
NDRC Assigns ratings based
China A QSIQ’ Standard | Mandatory on efficacy, to fans
classified by size
Specifies minimum
. efficacy for fans
U.S. EPA Label Voluntary w@ﬁ classi ﬁ}; d by operating
speed
Ecodesign Specifies a minimum
Europe F Standard | Mandatory r 4 efficacy for various
orum .
fan sizes




Note: A check indicates that the program listed in the row uses the classification characteristic listed in the
corresponding column.

2.2. Efficiency improvement options for ceiling fan systems

Ceiling fan systems are made up of several components that affect how efficiently thermal
comfort is delivered to users. In this section we describe these components generally and then
narrow the discussion to a detailed description of specific improvement options for fan motors
and blades and the corresponding improvements in fan efficiency. These estimates of efficiency
improvement are then used in the economic analysis in Section 2.3 and in the global assessment
of energy savings in Section 3.

o Electronic Speed Control (for

1 / BLDC motor)

S . | A ‘
( «—Blade x iw‘ y < Occupancy Sensor
/4 \Motor Resistance Speed Control
I: (for AC induction motor)

o

Switch

Fan source: Aavaas 2011
Sofa source: shutterstock images 2011
Sensor source: Schneider Electric 2011

Figure 5 Ceiling Fan System Components

Figure 5 shows that the ceiling fan system consists of multiple components that determine the
fan’s overall energy consumption. The switch is the human interface component. It can be a
wireless remote control, a device attached directly to the fan, or a wall-mounted component, as
depicted in Figure 5. Speed control is typically accomplished through resistance switching or
electronic control. A resistance speed control for an AC induction motor is inherently inefficient
because energy is lost to heat in the resistors. Such mechanisms are common in developing
countries. An electronic speed control using transistors for an AC induction motor is more
efficient. Electronic commutation, which is used in a BLDC motor4, is also relatively efficient
because an electronic controller provides AC current to a synchronously rotating BLDC motor.
Figure 5 also reminds us of the importance of ensuring that occupants are present and located

* BLDC motors are sometimes also referred to as electronically commutated (EC) motors or permanent magnet DC
(PMDC) motors.



within the coverage area of a fan so that they receive the thermal comfort benefits. Room
occupancy is a significant concern for energy consumption because much energy is lost when
fans remain on after users leave a room. Occupancy sensors can be utilized to alleviate this
problem (Parker et al. 1999).

Although remotes, speed controls, and room occupancy sensors are important considerations for
fan energy consumption, we do not focus in this paper on these aspects of the ceiling fan system,
for several reasons. Stand-by power consumption is already a widely known concern, and efforts
are being made to mitigate this problem (European Commission 2010). Instead of focusing on
speed controls, we focus on the introduction of BLDC motors that utilize electronic controls, as
replacements for AC induction motors. Occupancy sensing is beyond the scope of this paper
because it requires a detailed behavioral study to estimate the associated benefits, with much
associated uncertainty. Therefore, in this paper we focus on engineering improvements that are
easily quantifiable, i.e., engineering changes to fan motors and blades that can significantly
improve ceiling fan efficiency.

2.2.1. Fan motors

Historically, ceiling fans, like many household appliances, have utilized AC induction motors
because these motors are durable, easy to construct, and relatively inexpensive to manufacture.
Specifically, low-power applications such as ceiling fans have typically used split-capacitor and
shaded-pole motors. Permanent split-capacitor motors are prevalent in ceiling fans manufactured
in India, and shaded-pole motors are prevalent in ceiling fans manufactured in the U.S. and
Europe (Pednekar 2010). However, these fan motors are relatively inefficient because of the slip’
associated with single-phase induction motors, as well as other losses.

BLDC motors have become increasingly common in appliances in recent decades because of
developments in electronic commutation and the availability of high-performing magnetic
materials at reasonable cost (Desroches & Garbesi 2011). Such motors are more efficient than
brushed DC motors because they do not have the friction losses associated with mechanical
commutation; these losses result from the friction between the brush and slip rings in brushed
DC motors.

AC induction motors are inefficient because their rotors do not rotate synchronously with the

magnetic field that induces rotor motion; this results in slip and therefore inefficiency. Utilizing a
BLDC motor alleviates these issues because the rotor moves synchronously with the rotating AC
magnetic field produced by electronic commutation. For instance, a 75-W BLDC motor has been
estimated to have an efficiency of up to about 90% whereas the average new 75-W AC induction

> The slip is the difference between the speed of the rotor and the magnetic field in an AC induction motor.
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motor has an efficiency of around 75% (Desroches & Garbesi 2011). Table 3 shows these
efficiencies along with those of other 75-W motors.

Table 3 Efficiency data for various 75-W motor types in the U.S.

Motor type Efficiency
NovaTorque’ 90%
Practical Limits BLDC® 87%
Practical Limits AC Induction 84%
Average New Production 75%
Average Installed Base 60%

Source: Desroches & Garbesi 2011

In addition to the empirical data available through ENERGY STAR, multiple engineering studies
have estimated the potential for reducing energy consumption through the use of BLDC motors.
One experimental study from Taiwan shows that the energy consumption of a ceiling fan with a
BLDC motor is about 50% that of a fan with a split-phase induction motor, for a given rotation
speed (Liu et al. 2009). Another experimental study from Australia shows that use of a BLDC
motor decreases ceiling fan energy consumption by a factor of three at low speeds and a factor of
two at high speeds (Schmidt & Patterson 2001) compared to a fan with a split-phase permanent
capacitor induction motor. Industry experts also indicate that using a BLDC motor can reduce
energy consumption, by an estimated 60% in the U.S. (Parker 2010) and up to a power
consumption level of 30-35W (i.e.50%) in India (Pednekar 2010, PWC 2012) compared to a fan
with an induction motor operating at the same speed.

In addition to the potentially far-reaching energy efficiency improvements that could be achieved
with BLDC motors, some fans in India incorporate a combination of elements that affect AC
induction motor efficiency so that these fans consume significantly less energy than the norm
(Pednekar 2010, PWC 2012). Although fans with these improvements have been available for
several decades, they are not the norm because they have higher manufacturing and materials
costs. Thus there is an incentive for manufacturers to keep costs low by not employing these
improvements. At high speeds, these fans can reduce power consumption from 70-75 W to about
45-50 W. The elements that (Pednekar 2010) cites as influencing AC induction motor efficiency
in these fans are:

¢ Increased amount of “active” material, such as lamination steel and copper
e Reduced air gap between stator and rotor
e Use of standard-grade aluminum for a die-cast rotor

% The company Novatorque has incorporated technical improvements to push efficiency further beyond the so-called
“practical limits” of a BLDC motor.



Increasing the amount of “active” material, such as lamination steel and copper, increases
efficiency by improving the magnetic quality of the rotor and the windings. Reducing the air gap
between the stator and the rotor increases efficiency by increasing the magnetic torque induced
by windings on the rotor. Using standard-grade aluminum for a die-cast rotor improves
efficiency by reducing the weight of the rotor.

2.2.2. Fan blades

Improving fan blade design has been shown to have significant potential for improving fan
efficiency. Efficiency improvements have been achieved by multiple approaches, including
aerodynamic attachments for conventional blades (Volk 1990); a decrease in the angle of attack
through the use of twisted, tapered blades (Bird 2004); and use of twisted, tapered blades with an
air foil (Sonne & Parker 1998). We focus on the last of these options because it has the greatest
potential for improving energy efficiency and is currently the most widely employed type of
efficient blade.

Fig. 6A
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Figure -6 Design drawings from a patent for a ceiling fan with twisted, tapered blades with
an airfoil. The first drawing is of the whole fan, and the second is a side view of a blade.’

Twisted, tapered blades with an airfoil increase efficiency by reducing energy lost to turbulence
and flow separation (Gossamer Wind 2011). Figure 6 depicts this type of blade design. As shown
in the figure, the design is tapered in that the cross-section chords become shorter from the inner
part of the blade to the outer. The twist and taper create less friction for the outer parts of the
blades, which travel a longer circumference than the inner parts. As a result, the blade can move
more efficiently. In addition, the cross sections are not flat like traditional blades but have an
airfoil shape, so the top side is longer than the bottom side. This contributes to a pressure
difference between the two sides of the blades, so air is induced to move to the bottom side.

Although the idea of a blade with a twist, taper, and airfoil is conceptually straightforward,
optimal blade design is a detailed process in which multiple objectives must be balanced. These
objectives include maximizing air speed, maintaining uniform air speed along the fan radius, and
maximizing the airflow coverage to create a larger comfort zone for room occupants. Multiple
patents exist for efficient blade designs that address these objectives in different ways. A test of
one such patented blade design indicates that the subject invention has an efficacy 86% higher
than that of a conventional flat blade at low speeds and 111% higher at high speeds (Parker et al.
2000). These percentages indicate that there is remarkable potential for energy-efficiency
improvements from changes in fan blade design because the power demand of a fan is a cubic
function of the rotational speed for a constant blade length, as noted in Appendix A, implying
that blade design improvements have greater efficacy/power consumption savings impact at
higher speeds. A similar airflow can be achieved at lower speeds with much lower power
consumption. These blades can also be used to reduce motor size and cost, and the resulting
device will still outperform a conventional fan (Parker et al. 2000).

In addition, efficient blade designs have been adapted for aesthetic purposes to look like
traditional blades from the bottom side while being aerodynamic on the top side. This blade
causes an airflow and in turn an efficacy improvement, for a constant power consumption, of
approximately 10% more than the conventional design at high speed and 26% more at low speed
(Parker & Hibbs 2010) ), which can result in significant energy savings. The blade has been
designed to meet a market preference by some consumers for energy-efficient fans with a
traditional appearance.

7 We note that most fans sold in India have 3 blades as opposed to the 5 pictured here. However, to be consistent
with the patent filed by Parker (2003), we have pictured the 5 bladed design from the patent. The blade
improvements will be similar for a fan with 3 blades.
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These results are in the same range as those given by (Pednekar 2010), who indicates that a new
aerodynamic blade design developed using engineering plastics in India would give the same
airflow performance at speeds about one third lower. The details about this blade are not precise
because it has not yet been introduced to the Indian retail market; however, the efficiency
improvements are achieved through an enhanced blade shape and molded fiber-reinforced plastic
blades, which are not subject to corrosion like the metal blades that are common in the country.

2.2.3. Fan efficiency improvement opportunities: Empirical evidence from the US market

In this section we present data for ceiling fan efficacies and explain how this empirical
information relates to the engineering considerations in Sections 2.2.1 and 2.2.2. Figure 7 and
Figure 8 show ENERGY STAR market data for qualifying fans being sold in the U.S. and
Canada (U.S. DOE & U.S. EPA 2010). The figures demonstrate the potential importance of
BLDC motors and efficient blades, and are consistent with the implications for efficiency that we
can draw from the engineering information and studies presented here. The information
regarding motor and blade type was obtained from product catalogs and phone calls with
representatives of ceiling fan companies producing fans with the highest efficacies. These
companies include Monte Carlo, Fanimation, Regency, and Emerson (N. Sathaye 2011). The
data in the figures are comparable to the performance of the most efficient fans being introduced
in the U.S. and Canadian markets. For instance, the Emerson Midway Eco fan is advertised as
having a 75% reduction in energy consumption thanks to the Emerson EcoMotor "™ (Emerson
Climate Technologies 2010). The best-performing fan in Figure 8 uses this BLDC motor.

The figures show that fans with BLDC motors have far higher efficacies than the current
ENERGY STAR high-speed standard requires, and fans with efficient blades also tend to
perform on the higher end of the distribution. These data indicate that engineering improvements
such as those discussed here can be used for purposes other than increasing efficacy, such as
reducing motor size or material quality to reduce manufacturing costs, in the absence of policy
intervention to improve efficiency. To the authors’ knowledge, there are no fans with BLDC
motors in these figures other than those highlighted although this is unconfirmed because we
were not able to contact every fan manufacturer.
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Figure -7 Efficacies for ENERGY STAR ceiling fans (fan only, without lights) at high
speed®

¥ Group A are confirmed to employ BLDC motors, while all but one of of group B employs DC motors. In 2010 and
2011, the market penetration of ENERGY STAR qualified ceiling fans was 18% and 13%, respectively. (ENERGY
STAR 2011, ENERGY STAR 2012c)
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Figure 8 Efficacies for ENERGY STAR ceiling fans (fan with light kit 0nly)9

2.2.3. Summary of Efficiency Improvement Options
We summarize below in Table 4 estimates of fan power consumption from various options based

on the discussions in sections 2.2.1 and 2.2.2.

Table 4 Summary of power consumption of efficient fans using various options

Efficient Fan Power Average

Efficiency Improvement Consumption (W) Power % reduction from
. Parker Savings .

Option Pednekar | PWC . baseline power

(2010) | (2012) | &Hibbs 1 (W)

(2010)

Improved AC Induction 45-50 40 75 ~36%
Motor
BLDC Motor 30-35 35 35 ~50%
Efficient Blades 55.5-63.6 10.5 ~15%

? All but one of the models in the red ellipse are confirmed to employ DC motors.
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We note that actual reported efficacy improvements for the best blade designs are much higher
than those summarized in Table 4 above as discussed on Section 2.2.2. For the purposes of this
study, we have assumed blade design improvements will lead to relatively lower increases in
efficacy of 10-26% (Parker and Hibbs 2010), implying a power consumption of between 55.5-
63.6 W, i.e. about 15% improvement in power consumption from a 70 W baseline. These lower
efficacy improvement assumptions from fan blades are justified for the following reasons: a)
blade design has associated aesthetic and customer satisfaction tradeoffs b) many high efficiency
blade designs are proprietary and c¢) the values assumed provide a conservative estimate. The
average efficiency improvement estimates summarized in Table 4 are used in Section 2.3 to
estimate the cost effectiveness of these options.

2.3. Technical and Economic analysis of Efficiency Improvement Options

In this section we estimate the costs of improving the efficiency of ceiling fans by using the
options described in Section 2.2. We estimate the cost of conserved electricity (CCE) to assess
the cost-effectiveness of these efficiency improvements. Because of data constraints, we only
cite costs from a few countries while estimating the CCE.

2.3.1. Fan motors

We estimate the incremental cost of improving the efficiency of motors typically used in ceiling
fans based on the data collected from industry experts. We consider two types of efficiency
improvement options. First, given that BLDC motors are significantly more efficient than
induction motors typically used in ceiling fans, we estimate the incremental cost of BLDC
motors of the same size and performance specifications over the typical induction motors.
Second, we consider the cost of improving the efficiency of the induction motor itself where the
efficiency improvements are smaller and less costly compared to those achieved by a shift to a
BLDC motor.

Incremental cost of BLDC motors over induction motors

BLDC motors typically have higher cost compared to induction motors primarily because of the
extra cost of the controller, whereas the induction motor and BLDC motors have similar
materials costs (excluding the BLDC motor controller). This is primarily because the extra cost
of permanent magnets in a BLDC motor is compensated by reduction in costs due to less copper
and steel (See Chiang 2010 and Desroches & Garbesi 2011 for a detailed discussion). Desroches
& Garbesi, find that that the global cost of materials for a 750-W (note that fan motors are
typically much smaller, < 7SW) induction motor is about US$43.80, and, for a BLDC motor, the
materials cost ranges from US$24.20 to US$36.74, as of 2011. This indicates that the materials
cost of a much smaller BLDC motor, such as would be used in ceiling fans, should also range
from a little less than to about equal that of a comparable AC induction motor. Therefore, the
incremental cost of the BLDC motor over an induction motor is primarily the cost of the
controller. A BLDC motor controller is estimated to have a manufacturing cost between
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INR300-700 in India (Pednekar 2010, PWC 2012) and between US$3.2 to US$22.5 in the US
(Chiang 2010) based on the data from industry experts as shown in Figure 9.We assume the
incremental cost of a BLDC motor that can replace a typical ceiling fan induction motor of 75
Wto be ~$10.5 for the purposes of this report.
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Diode

Shorted Anode Field-Stop IGBT

Source: Chiang 2010
Figure 9 Costs of a controller for a BLDC Motor based on components

Cost of improving the efficiency of induction motors

Section 2.2.1 addresses efficiency factors having to do with material quality and optimal motor
design of AC induction motors in addition to BLDC motors. These improvements are estimated
to increase the manufacturing price of an AC induction fan by about INR 60-100 i.e. (~$1-1.5)
versus the cost of a standard fan in India (Pednekar 2010, PWC 2012).

2.3.2. Fan blades

The cost of manufacturing efficient ceiling fan blades in the U.S. is estimated to be about
US$2.25, versus US$0.25 per conventional flat blade, as previously mentioned (Parker & Hibbs
2010; Parker et al. 2000). The incremental cost of manufacturing an efficient blade versus a
conventional blade in India is about INR 60 for 3 blades i.e. US$0.36/blade (Pednekar 2010).
Although these appear to be significant cost increases for these components, they are not very
large (~5%) compared to the total retail price of a ceiling fan. An important point to mention in
the case of efficiency improvement through blades is that blade design and manufacture is also
driven by aesthetic considerations, rather than just efficiency. This is also reflected in divergent
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estimates of the costs of manufacturing depending on the design, material, manufacturing, and
treatment/finishing processes. The significance of aesthetic considerations in blade manufacture
implies that mandating more efficient blades through minimum energy performance standards
(MEPS) is not likely to be a practical or desirable option. However, given that some fans may be
designed to meet energy efficiency policy specifications by using more efficient blades, it is still
useful to estimate the costs of efficiency improvement through more efficient blades, particularly
for labeling and incentive programs. Table 5 below summarizes the costs of the efficiency
improvement options considered, while Table 6 reports these costs in dollar terms along with
average numbers which are used as the input for the cost effectiveness calculation.

Table 5. Summary of the reported manufacturing costs of several efficiency improvement
options

India UsS
Efficiency Improvement Option | Pednekar | PWC Chiang Parker and
(2010) (2012) (2010) Hibbs (2010)
Improved AC Induction Motor INR 60 | INR 100
INR 500 $3.2-

BLDC Mot INR

« Motor 001 00| 225
Efficient Blades INR 6073 $2/blade

blades

Table 6 Summary of reported manufacturing costs in dollars of efficiency improvement
options'

India US

Pednekar | PWC Chiang Parker and Average($)
(2010) (2012) (2010) Hibbs (2010)

Efficiency Improvement Option

Improved AC Induction Motor $1.09 | $1.82 $1.5
BLDC Motor $5.45 | $1091 | $3.2-$22.5 $10.5
Efficient Blades $1.09 $6.00 $3.5

2.3.3. Cost of conserved electricity

This section presents the cost of conserved electricity in India for the motor and blade
improvements described above, using the efficiency and corresponding cost assumptions
presented in Table 4(Section 2.2.3), and Tables 5 and 6 (Section 2.3.2) above. Results for other
economies are presented in Appendix D.

"In converting from a per-blade to a total incremental cost we assume the fan has 3 blades.
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Two kinds of CCEs are calculated as follows: a) the cost to the manufacturer of conserved
electricity, (CCE,,), which considers the incremental cost of the higher efficiency fan to the
manufacturer and b) the cost to the consumer of conserved electricity, (CCE,), which considers
the incremental cost of the higher efficiency model to the consumer i.e. considering retail prices.
The former metric (CCEy, is lower than the latter (CCE,) as it does not include markups and
taxes. Therefore, CCE,, can be used to measure the cost-effectiveness of a market transformation
program such as an upstream incentive program, while CCE; would be used to measure the cost
effectiveness of a standards program, or a downstream incentive program.

The CCE is then calculated at various efficiency levels as follows:

CCE= Annualized incremental cost of efficient fan ($) /Annual power saved by efficient fan
(kWh)

i.e. CCE,, = Annualized incremental manufacturing cost of efficient fan ($)/ [(Annual
electricity consumed by average fan) - (Annual electricity consumed by efficient fan)] (kWh)
and CCE, = Annualized incremental cost to consumer of efficient fan ($)/ [(Annual
electricity consumed by average fan) - (Annual power consumed by efficient fan)] (kWh)

Table 7 Cost of conserved electricity for various efficiency improvement options in India"

%
Average reduction Average
Effici I ¢ Option'2 Power from incremental CCEm CCEc
leiency improvement Lption Savings . manufacturing | ($/kWh) | ($/kWh)
baseline
(W) cost($)
power
Improved AC Induction Motor (A) | 25 36% $1.5 $0.003 $0.005
BLDC Motor (B) 35 50% $10.5 $0.014 | $0.027
Efficient Blades (C) 10 15% $3.5 $0.015 $0.031
A+C 32 45% $5.0 $0.007 | $0.014
B+C 40 57% $14.0 $0.016 | $0.032

Assumptions: Lifetime=10 years, hours of use per day =8.7 discount rate = 7.6%, multiplier for markup and taxes=2.0

As can be seen in Table 7 improved AC induction motors are the most cost effective single
option, followed by BLDC motors. We also note that our cost and efficiency assumptions (and
resulting CCE estimates) regarding efficiency improvement using more efficient blades are
conservative and may very well be lower than those shown here for the following reasons a) we
have used cost and efficiency estimates for more efficient blades with a traditional appearance as

"' We have assumed a 100% markup in estimating costs to the consumer in line with PWC 2012. Lifetime and hours
of use assumptions are in line with Boegle et al. 2010.

2 Efficiency improvement options from single components (A, B, C) are presented first followed by efficiency
improvement options from combining two options (A+C and B+C). The options are subsequently ordered by
increasing cost of conserved energy. Also option C, efficient blades can be used with both BLDC and AC motors.
While BLDC motors and AC motors are widely available, efficient blades may be proprietary designs, and also
carry associated aesthetic tradeoffs.
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discussed earlier (Parker and Hibbs 2010) rather than the most efficient blades, b) the data on
blades indicated divergent estimates of the costs of manufacturing depending on the design,
material, manufacturing, and treatment/finishing processes which varied due to aesthetic
considerations. In order to present a fuller picture of cost effectiveness under various scenarios
we also present the results of a sensitivity analysis on the CCE in the next section. Since our
analysis is primarily based on data on costs of efficiency improvements in India and US, the cost
effectiveness analysis is more robust for these countries. Given the globally traded nature,
maturity and high contribution of materials costs to the total costs of the efficiency technologies
considered, we argue that cost estimates based on the data in India and US are likely to be a
reasonable approximation of the costs in other regions. The cost effectiveness analysis for other
regions presented in Appendix D takes into account region specific estimates of usage and
discount rates.

2.3.4. Sensitivity of Cost-Effectiveness Analysis

To illustrate the cost effectiveness of the various options under varying assumptions on hours of
use and cost, we present three scenarios for various hours of use. We varied the costs of
efficiency improvement from BLDC motors by calculating the CCE,, using our high incremental
cost estimate of $22.5 in the “high cost” scenario, and our low incremental cost of $3.2 in the
“low cost” scenario. These results are presented in Figure 11, showing the cost of conserved
electricity under the base cost ($10.5), low cost ($3.2) and high cost ($22.5) scenarios. These
cost estimates are in line with the high and low estimates reported by Chiang 2010. The range of
hours of use per day shown (4-12 hours) is also consistent with the ranges reported in Boegle et
al 2010 who showed a lower range of 3-5 hours of use/day and a higher range of 10-16 hours of
use/day. We also show the estimated impact on cost-effectiveness in moving from an upstream
program to a downstream incentive program or a standards program using the CCE, metric
discussed earlier. This is represented as the curve labeled “Downstream” in Figure 10. A typical
tariff for India is shown to be approximately 8cents/kWh (~4.5 rupees/kWh).
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Figure 10 Sensitivity Analysis of Cost Effectiveness of Incentive Programs in India,
assuming 50% power savings.

The results shown in Figure 10 show that an upstream incentive program for ceiling fans in India
is cost effective even assuming low hours of use and high incremental costs of efficiency
improvement for improvements equivalent to the 50% savings in power consumption obtainable
using a BLDC motor. Other countries with high ceiling fan usage (i.e. high unit energy
consumption from ceiling fans), will also find these efficiency improvements cost-effective, as
discussed in Appendix D.

3. Energy Savings Potential

We used the Bottom-Up Energy Analysis System13 (BUENAS) to estimate the potential global
energy and CO; emission savings potential from accelerated implementation of the engineering
developments for ceiling fans described in Section 2. A detailed description of the methodology

13 http://www.superefficient.org/en/Products/BUENAS.aspx
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is available in (McNeil et al. 2008) and (McNeil et al. 2012). This version of BUENAS covers 13
major economies, representing 80% of the world’s total energy consumption. Section 3.1
summarizes the model’s methodology, data, and assumptions. Section 3.2 presents the modeled
global energy savings and CO, emission reductions. Our objective is to provide an approximate
estimate for the potential savings from accelerated adoption of efficient fans. More precise
estimates of the saving potential in each of the economies covered by the model will require
significant further work to provide a more robust empirical basis for the assumptions used in the
model. Note that we have more robust data on India, China, and the US compared to other
countries and hence the estimates of saving potential for these countries are likely to be more
accurate than for the others.

3.1. Data and Methodology

BUENAS is an end-use energy forecasting model designed to provide a detailed assessment of
the potential for energy savings and GHG emissions reductions from energy-efficiency standards
and labeling programs worldwide (see McNeil et al 2012 for a detailed description of the model).
The model is “bottom-up” in that it calculates energy demand based on input data for individual
appliance products. BUENAS has three modules. The first calculates the number of appliances
per household (diffusion) in a country at a given point in time, primarily based on an empirical
relationship observed between appliance ownership and macroeconomic household variables
such as household income. The second module estimates energy consumption and efficiency
improvements at the appliance level. The third module is a stock turnover module that calculates
the sales of appliances in every year based on retirement of old units and increased penetration of
appliances in households. This module combines the sales in every year with unit energy
consumption (UEC) to estimate the total stock energy consumption. The difference in stock
energy consumption between a Business As Usual (BAU) and an efficiency case equals the
savings. Energy savings are then converted into CO, emissions mitigation according to the
power generation mix from each country.

Ceiling fan sales data are useful for estimating appliance diffusion in the first module of
BUENAS. However, ceiling fan sales data are not easily obtained because fans are a relatively
unstudied product. Therefore, we estimate sales data based on the estimated stock of fans in the
countries included in this study other than India, the U.S. and those in Europe. For countries
other than India, the U.S., and European nations, we estimate diffusion using the logistic formula
in Eq. 3.

Table 8 presents the estimation results, including parameter values, the statistical significance of
parameters, and goodness of fit information.

a
1+ Yy X exp(lginclc + :BelecEc + IBCDDCDDC)

Diff. = Eq. 3

Where:
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Diff. is the average number of fan per household for the country ¢
« is the saturation level

I.. is the household income given by GDP divided by the number of households in the
country (PPP $2007)

E. is the electrification rate (%)

CDD. is the average number of Cooling Degree Days per year (%)
Binc 1s the diffusion parameter for income

Beiec 1s the diffusion parameter for electrification

Bcpp 1s the diffusion parameter for cooling degree days

Table 8 Diffusion Parameters for Fans

Parameters: In(y) Binc Beiec Bcop
o= 3 Coefficient: 0.80 | 9.79x 107 | -1.13 | 3.41x10*
Observations = | 11 t-statistic: 0.82 0.20 -1.15 2.55
R’= 0.79

Estimated sales data for the Indian residential sector are available for 2005, 2008, and 2013
(Boegle et al. 2010). Sales are extrapolated based on Eq. 3 and the parameter estimates in Table
8. For the European Union, the number of fans per household is obtained from household
surveys and (Riviere 2008). This number is assumed constant in the forecast. For the U.S., sales
data are available from 2003-2004 and 2006-2010 from NPD (NPD, 2012, NPD 2011). We
applied the number of households’ growth rate to the latest year of data available in order to
forecast sales to 2030. For China, detailed ownership data are available, and a model specific to
China is applied (Letschert et al. 2009). Table 9 summarizes the results and methods for the first
module of BUENAS. In the last column, “Macroeconomic model” refers to the methods
described in (McNeil et al. 2008), which include Eq. 3.
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Table 9. Stock of fans calculated in BUENAS, by country

Country Stock in 2010 (Millions) | Stock in 2030 (Millions) Source/Assumption
Australia 15 20 Macroeconomic model
Brazil 90 139 Macroeconomic model
Canada 25 34 Macroeconomic model
China 717 934 Macroeconomic model
EU 272 319 (Riviere 2008)

India 224 559 Calculated from sales data
Indonesia 43 64 Macroeconomic model
Japan 78 81 Macroeconomic model
Korea 32 42 Macroeconomic model
Mexico 29 35 Macroeconomic model
Russia 100 93 Macroeconomic model
South Africa 13 15 Macroeconomic model
U.S 211 253 Calculated from sales data

The second module of BUENAS uses assumptions of appliance-level energy consumption, based
on usage data and technology options. Fan unit energy consumptions (UECs) are developed for a
BAU case, which relies on international references to estimate the average consumption of fans
in each country. Based on the engineering options discussed in Section 2.2, an efficient scenario
is developed, assuming that a 50% improvement versus the baseline UEC (BAU) can be
achieved in each country. We assume a 50% improvement value because this is the approximate
improvement achievable with the introduction of BLDC motors. Although different values could
be used based on the engineering analysis presented in section 2.2 (e.g. different baseline
technologies in various countries may lead to higher savings than the 50% assumed here), we do
not attempt to extrapolate precise engineering data to the global scale because of the many
assumptions that would be required. Instead, we simply use 50% as a conservative estimate of
the savings available from the best available technology. Table 10 summarizes the UECs used in
the second module of BUENAS.
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Table 10. Fan usage characteristics used in BUENAS, by country

Country Hours/day | Baseline UEC | Efficient UEC Source/Assumption

fan is used (kWh) (kWh)
Australia 0.8 21 10.5 (McNeil et al. 2008)
Brazil 34 88 44 (McNeil et al. 2008)
Canada 0.9 11 5.5 Assumes the UEC for EU
South China 8.7 224 112 | Assumes the UEC for India
Other China 0.4 10 5 (Letschert et al. 2009)
EU 0.9 11 5.5 (Riviere 2008)
India 8.7 224 112 (Boegle et al. 2010)
Indonesia 5.9 150 75 (McNeil et al. 2008)
Japan 0.8 21 10.5 (McNeil et al. 2008)
Korea 0.8 21 10.5 (McNeil et al. 2008)
Mexico 34 88 44 (McNeil et al. 2008)
Russia 0.9 11 5.5 Assumes the UEC for EU
South Africa 34 88 44 (McNeil et al. 2008)
U.S 6.2 78 39 | (U.S.DOE & U.S. EPA 2010)

Note: Shaded cells are calculated from energy consumption data, assuming a 70W fan

In the third module, BUENAS takes into account first purchase (FP) as the increase of fans in
the stock from one year to another (resulting from an increase in number of households, which
leads to increased penetration of fans) and replacements (REP) of fans that are retired from the
stock, according to Eq. 4 and Eq. 5:

Sales(y) = FP(y)+ REP(y) Eq. 4

L
REP(y) = ZStock( y—1,age)x P,(age) Eq. 5

age=1

Retirement sales are calculated assuming an average lifetime of 10 years. The probability of
retirement (Pg) varies with the age of the fan and is based on a normal distribution around the
average lifetime. Table 11 provides the expected sales outputs from BUENAS for 2012 along
with the projected growth rate.
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Table 11. Sales forecast for 2012, 2030 and annual projected growth rate

2012 2030 Annual Growth Rate

Million Devices Million Devices Y%
Australia 1.6 2.0 1.26%
Brazil 10.2 14.5 1.95%
Canada 2.7 3.5 1.32%
China 77.3 94.2 1.10%
EU 28.2 314 0.59%
India 38.0 59.5 2.53%
Indonesia 4.8 6.8 2.00%
Japan 7.6 7.7 0.05%
Korea 34 4.2 1.13%
Mexico 3.1 34 0.66%
Russia 9.2 8.7 -0.31%
South Africa 1.3 1.4 0.60%
U.S. 20.1 25.8 1.41%
Total 207.5 263.2 1.33%

Note: The negative growth in Russia is a result of a decrease in population.

Sales forecasts are combined with annual UECs in both scenarios to arrive at the energy
consumption for the stock in every year. The difference between the stock energy consumption
in both scenarios equals the energy savings and the CO, emissions mitigation potential.

3.2. Results

This section presents the BUENAS results in terms of stock energy consumption and global
potential energy savings. BUENAS also provides CO, emissions mitigation potential calculated
using country-specific carbon factors (McNeil et al. 2008).

3.2.1. Business-As-Usual

Figure 11 presents the global stock energy consumption by country for ceiling fans, estimated by
BUENAS in 2012 for the BAU case. The figure shows that China and India represent more than
half of worldwide energy consumption by ceiling fans in 2012.
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Figure 11. Global Electricity Consumption of Ceiling Fans by Country in 2012

3.2.2. Efficiency Scenario

In the efficiency scenario, efficient fans with BLDC motors enter the market gradually, gaining
20% of market share starting in 2012. The market reaches saturation in 2017 when 100% of fans
sold are assumed to be efficient. The UECs for the efficient fans are assumed to be constant
throughout the forecast period. We evaluate energy savings potentials in 2016, 2020, and 2030.
Table 12 shows the results of the energy savings potential analysis, and Table 13 shows the
corresponding CO, emissions results. India represents almost half of the potential electricity
savings and CO; emissions mitigation potential in the economies covered in this analysis.
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Table 12. Annual and cumulative energy savings forecasts

Annual Electricity Savings

Cumulative Electricity Savings

(TWh) (TWh)
Year 2016 | 2020 2030 23(}126 23(}220 23(}320
Australia 0.05 0.12 0.21 0.12 0.50 231
Brazil 1.43 3.35 6.09 320 1383 6541
Canada 0.05 0.11 0.19 0.11 0.46 2.08
China 9.01 | 20.68 3577 2102  8650] 39659
EU 0.48 1.08 1.76 1.14 459 2022
India 1417 | 33.54 6238 | 3252 13791 660.60
Indonesia 1.12 2.63 4.81 2.59 10.88 51.51
Japan 0.24 0.54 0.84 0.56 227 9.90
Korea 0.11 0.26 0.44 0.26 1.07 491
Mexico 0.41 0.93 1.53 0.96 390 | 17.43
Russia 0.15 0.34 0.52 0.37 1.46 6.19
i‘;ﬁtcha 0.17 0.40 0.65 0.40 1.67 7.46
U.s. 243 5.65 9.86 561 2347 10857
Total 2982 | 69.62| 125.05| 6894 288.51| 1353.19
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Table 13. Annual and cumulative GHG emissions reduction forecasts

Annual CO, Emissions Reduction Cumulative CO, Emissions
(M) Reduction (Mt)

Yeu o6 ) 20| 200) il S| om0
Australia 0.04 0.10 0.16 0.10 0.41 1.81
Brazil 0.13 0.29 0.52 0.29 1.21 5.66
Canada 0.01 0.02 0.04 0.02 0.09 0.42
China 9.37 21.01 34.31 21.98 89.02 393.57
EU 0.18 0.39 0.59 0.43 1.68 7.08
India 13.09 30.26 53.08 30.22 126.03 581.62
Indonesia 0.79 1.82 3.20 1.83 7.59 35.03
Japan 0.10 0.22 0.31 0.23 0.92 3.85
Korea 0.05 0.11 0.17 0.11 0.46 2.01
Mexico 0.27 0.61 0.99 0.63 2.56 11.36
Russia 0.05 0.10 0.14 0.11 0.44 1.79
South Africa 0.13 0.30 0.43 0.31 1.26 5.30
U.S. 1.43 3.28 5.62 3.36 13.84 62.82

Total 25.64 58.49 99.56 59.63 24552 | 1,112.33

Figure 12 and Figure 13 show the annual results between 2000 and 2030. In the efficiency
scenario the consumption of fans is stabilized by 2015 and even decreases to the 2010 level by

2020.
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Figure 12. Potential electricity savings resulting from introduction of efficient fans, 2000-
2030
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Figure 13. Potential CO; emissions reductions resulting from introduction
of efficient fans, 2000-2030
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4. Ancillary Benefits of Fan Efficiency Improvement

Although improvements in ceiling fan efficiency can greatly reduce direct energy consumption,
they can also have ancillary benefits. Specifically, energy-efficient ceiling fans can help reduce
the global growth in energy demand for cooling while enhancing the standard of living in less
developed regions and low income households. We discuss such ancillary benefits in this
section.

The most tangible benefit of ceiling fans may not have to do with costs, energy consumption, or
GHG emissions but rather their contribution to sustainable development. Fans are thought to
improve survivability levels of low-income households (Santamouris et al. 2007). They are
uniquely suited to contribute to the sustainable development of rural households, especially those
that are less likely to have electricity service from a reliable transmission grid. In power-
constrained situations such as this, reducing the power demand of appliances can enhance the
standard of living by allowing for increased adoption of appliances (Fulkerson et al. 2005). This
is likely to be especially true for ceiling fans in households in warm climates, as indicated by the
significant growth in ownership of ceiling fans where electrification rates have increased, for
example in Karnataka, India (Murthy et al. 2001). The same is likely to be true in many off-grid
rural areas that depend on isolated power sources such as solar photovoltaic (PV) technologies
(Chaurey & Kandpal 2010), PV-diesel hybrid systems (Bala & Siddique 2009; Mondal & Denich
2010), and biomass gasifiers (Kumar & Banerjee 2010). The combination of PV with a BLDC
fan motor can be especially beneficial because PV produces DC current, which is the input
needed for the BLDC motor controller. This eliminates the costs of a rectifier (Levy 2009),
which is typically needed to convert household AC current to DC current for the BLDC motor.
Therefore, a super-efficient ceiling fan can considerably reduce the wattage need of a solar home
system, which would increase the marketability of solar home ceiling fan systems. For example,
the cost of a combined PV-fan system could be reduced by around US$500 for a drop in ceiling
fan power demand from 70 to 25 W, under the assumption that the current cost for rural solar PV
installation is about US$11.1 per watt-peak (Harish & Raghavan 2011)."*

Between 2010 and 2030, the developing world is predicted to increase its energy consumption
from residential air conditioning by over 350% (McNeil & Letschert, 2008) and the sales of
room air conditioners (RACs) in Europe are anticipated to increase by 53% (Ecodesign 2008).
Globally, the emissions from electricity generation produced to power these air conditioners will
contribute significantly to the rapidly growing stock of carbon in the atmosphere. On a regional
scale, hot summer days have resulted in national power shortages (Lin & Rosenquist, 2008) and
increased wholesale electricity prices. Although much work is under way to increase the
efficiency of air conditioners (Navigant Consulting 2010), effort has also been directed toward

" 50W savings x $11.1=$555. The incremental costs for this improvement in fan efficiency would work out to
about ~$30, based on the cost data presented in section 2.3.
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the development of passive cooling techniques, in which ceiling fans are an essential feature (S.
Ho et al. 2009; James et al. 1996). Studies such as Schiavon & Melikov (2008) have estimated
energy savings and improved thermal comfort resulting from increased air movement from
simulations of an indoor office located in European and Mediterranean cities with various
summer outdoor climate conditions. Results indicate the potential for an 8 to 15% reduction in
maximum cooling power requirements for an indoor air velocity of 0.5 meters/second (m/s), and
a 12 to 22% reduction for a velocity of 0.8 m/s. (Arens et al. 2009) present results of surveys
regarding preference for cooler temperature versus air movement from field studies of occupant
comfort in buildings worldwide. These results indicate significant potential for reducing energy
consumption from air conditioners through ceiling fan use while limiting air velocity to a
comfortable range. In particular, for temperatures above about 22.5 °C, there is a strong
preference for air movement and little risk of drafts negatively affecting comfort.

Although ceiling fans can play a significant role in reducing energy consumption in many
countries, an important consideration that is often overlooked is thermal comfort from differing
forms of cooling systems. Thermal comfort is affected by heat exchange between the human
body and its environment. Six main factors contribute to this heat exchange: conduction,
convection, radiation, moisture, clothing, and metabolic effects (Djongyang et al. 2010). Air
movement primarily affects the convective effect, which is represented by Eq. B. 1. Specifically,
air movement increases the heat-transfer coefficient h, which is a function of air velocity, as
shown in Appendix B. This is in contrast to the effect of an air conditioner, which affects the
ambient temperature (T,) and in turn skin temperature (T ). Thus, from an energy-efficiency
perspective, the questions are how much energy consumption is needed for ceiling fans to affect
h, versus T (for air conditioning), and what is the optimal level of /& and Ty, that minimizes
energy consumption while maximizing comfort. A complete answer to these questions would
require further empirical work in specific contexts where cooling systems are used. Therefore,
we only provide a brief theoretical discussion of the effects of air speed on the convective heat
flux of a human body in Appendix B.
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5. Realizing cost-effective efficiency improvements: lessons for market
transformation programs

As discussed earlier in Section 2 of this report, there are several cost-effective options to improve
ceiling-fan efficiency that would reduce fan energy consumption by more than 50%. Although
highly efficient fans that incorporate most of the efficiency improvement options discussed in
this paper are commercially available in certain countries (e.g., the U.S.), they constitute a very
small percentage of sales. In some countries (e.g., India), fans with BLDC motors and efficient
blades are not currently commercially available. Several barriers, including high first cost and
lack of information (e.g., lack of labels that recognize highly efficient performance), have been
identified that contribute to the limited adoption of highly efficient fans (Singh et al. 2010). In
this section we discuss some broad insights for energy efficiency market transformation
programs, based on the earlier discussion.

5.1. General Insights

Some of the insights that can be drawn from the preceding discussion apply across the various
types of market transformation programs and policies. Here we discuss some such general
insights, with respect to key fan characteristics such as fan size and speed, and with respect to
blade design.

It is important for market transformation programs to classify fans by size and take into account
the effect of fan speed on efficacy, as follows:

First, fan size categories are important in market transformation programs to preclude the
possibility that a policy based merely on efficacy could be circumvented simply by increasing
blade length, without necessarily delivering better service. For instance, although airflow
increases with larger blades, the amount of cooling felt by the user may not, because the service
delivered to the final user (in this case cooling) depends not on the total volume of air moved,
but also on the velocity of the air' as discussed further in Appendix B. If market transformation
policies classify fans by size, fan manufacturers will not be able to simply install longer blades to
improve efficacy nominally, without competing with other manufacturers in a separate size
category, or improving the service delivered to the final user. Second, operating speed is also an
important criterion in designing market transformation programs, because efficacy varies
inversely with increasing fan speed as discussed in Appendix C. This effect can be addressed
either by using a standard speed or minimum airflow in the test procedure for the program such
as in India’s standard and labeling programs, or by changing the efficacy requirement at various
speeds, such as in the ENERGY STAR program. It should be noted that the testing burden would
be lower in the first case, with a tradeoff on the accuracy of the test procedure, at various speeds.

"The coefficient of convective heat transfer off the human body depends on the velocity of the air. (Incropera and
DeWitt, 1998)
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The literature discussed in Section 2.2.2 indicate that there is remarkable potential for energy-
efficiency improvements from changes in fan blade design and also imply that blade design
improvements have greater efficacy/power consumption savings impact at higher speeds. This
implies that market transformation programs in economies with hotter climates and higher
average airflows (e.g. India) will benefit proportionally more from blade design improvements
than economies where average airflows tend to be lower. (e.g. the US). For example, the most
efficient blade designs discussed in the literature will improve efficacy by 86% at lower speeds
(airflows), versus 111% at higher speeds (airflows) compared with conventional blade designs.
(Parker et al. 2000).

5.2. Standards and Labeling Programs

Out of the several types of policies typically used to accelerate adoption of efficient products
(e.g., awards, incentives, and standards and labeling programs), standards and labeling programs
appear to be most commonly used to move the market towards higher efficiency by pushing
inefficient fans off the market. However, as will be discussed below, levels specified by
standards and labeling programs are far below what can be achieved by implementing cost-
effective energy-efficiency options in ceiling fans (see Figure 13). For example, as seen from
data on the efficacy of the fans meeting the US Energy Star requirement (see Figure 7 and Figure
8 in section 2.2.3), fans using BLDC motors and efficient blades are significantly more efficient

3
(with efficacy as high as 15 %/ W) compared to efficiency requirement for qualifying for

3
Energy Star (efficacy of 2.1-4.2 %/ W). Furthermore, BEE’s voluntary star rating program for

fans only covered 2% of the Indian market, while only 18% of the fans(without a light kit) on the
US ceiling fan market were compliant with ENERGY STAR (PWC, 2012, and EPA 2011)
indicating significant room for efficiency improvement. We discuss the implications of the cost-
effective efficiency improvement options for standards and labeling programs.

The standards and labels levels for BEE’s star rating program in India are presented in Figure 13.
These efficacy levels are tested under different conditions (notably airflow requirements/speeds)
than standards and labels in the US, Europe and China so they cannot be directly compared
against each other without accounting for this fact.'® However, the improvements in efficacy
discussed in this report are applicable across the range of commonly encountered airflows. i.e.
these improvements will offer significant energy savings of a similar order of magnitude
regardless of airflow, and test procedure alignment. For comparison, the US ENERGY STAR
label has an efficacy requirement of 4.2 (m*/min/W) at -low speeds and 2.1 (m*/min/W) at -high
speeds while the lowest standard for efficacy in China varies by fan size from 3.47 (m*/min/W)

'® See Appendix C for a discussion of the effect of fan speed on efficacy. Increasing airflow from 5000 CFM (the
US high speed) to 7415 CFM (i.e.210 m*/min, the minimum airflow for star rated fans in India), i.e. A 48% increase
will yield a decrease in efficacy of at most 35%.
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for 1800 mm fans to 2.75 (m3/min/W ) for 900 mm fans. (U.S. DOE & U.S. EPA, 2010, and
AQSIQ, 2010). Figure 13 makes clear the significant potential for improvement in fan efficacy
through increases in specified standards and labels.

i8
16 - B 1 Star
B 5 Star
34
===e Best sveilabls (ntarnational}
2 -
i Efficient blades + brushless
£ 10! DC motor
£
o
E Brushless DC motor
g 8-
]
&2
E Efficient blades + Improved
AC Induction Motor
6 !
Improved AC Induction Motor
4 !
____________________ Efficient blades
2 !
= === Baseline
0 -+ :
BEE star labels
(India)

Figure 14. BEE (India) star labels compared to estimates of

potential ceiling fan efficacy'’

Thus, the highest efficacy level recognized by labels in several countries is significantly lower
than what can be achieved by adopting cost effective efficiency options. Hence current efficacy
label levels need to be revised significantly to encourage deeper penetration of efficient ceiling
fans at the top of the market with efficacies achievable using BLDC motors and efficient blades
that are already on the market in the US, and that are cost-effective in other countries. The low
penetration levels of efficient ceiling fans in both India and the US (discussed earlier in this

7 Note: The baseline efficacy value is based on the average values reported as ‘National Player’s
Models’ presented in (Garg & Jose 2009). Incremental improvements correspond to those presented
in section 2.2. The efficacy level of the best available fan corresponds to the fan with the highest
efficacy in Figure 8 in section 2.2.3.
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section) seems to indicate the presence of barriers to efficiency other than information, such as
first cost, that may not be able to be addressed within a standards and labeling framework.

5.3. Incentive Programs

Incentive programs for efficient fans could accelerate the penetration of superefficient fans for
the following reasons: First, adoption of cost-effective efficient appliances is often hindered by
high first cost, e.g. as discussed in Reddy (1991). In emerging economies, consumers are highly
sensitive to high first costs (Singh et al. 2010). Second, due to the tradeoffs with respect to
aesthetics discussed in section 2.2.2 and 2.3.2, it is not practical or desirable to mandate
efficiency improvement from blade design through MEPS. However, the full existing potential
from more efficient blades as well as from BLDC motors could be exploited through incentive
programs for superefficient fans. Such programs could cost effectively target efficacies of up to

3
15 m—/ W, as discussed in section 2.2 and 2.3 earlier.
min

There are several examples of financial incentive programs that lower the first cost of cost-
effective energy efficient appliances and equipment to accelerate their adoption. However,
despite the large saving potential, financial incentive programs to promote the adoption of highly
efficient fans are not common.

One notable example under development is the Super-Efficient Equipment Program (SEEP) in
India where financial incentives will be provided to fan manufacturers to produce and sell highly
efficient fans that consume less than half of the energy consumed by fans typically sold on the
Indian market (Singh et al. 2010). Even if the entire incremental cost of the highly efficient fans
is covered by the financial incentives, the cost of the conserved electricity for efficiency
improvements over 50% is just Rs. 1.4 per kWh ($0.027/kWh) which is about one third of the
cost of supplying electricity in India (J. Sathaye & Gupta 2010). This program has the potential
to save peak power of nearly 5,000 MW in the next five years. It is quite likely that a financial
incentive program accelerating the penetration of highly efficient fans has a large cost effective
saving potential in several other countries and should be considered as one of the key options for
reducing electricity demand and emissions.
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6. Conclusions

This paper presents an analysis of the potential for improving ceiling fan components to reduce
global energy consumption and GHG emissions. Improved blade design and AC induction motor
materials, and the increased use of BLDC motors are identified as cost effective options to
improve the efficiency of ceiling fans that could provide ceiling fan power consumption savings
of more than 50% in many countries.

Out of the several types of policies typically used to accelerate adoption of efficient products
(e.g., awards, incentives, and standards and labeling programs), standards and labeling programs
are the most commonly used to accelerate the market penetration of efficient fans.

Efficacy levels are tested under different conditions (notably airflow requirements/speeds) in
various countries so they cannot be directly compared against each other without accounting for
this fact. Nevertheless, the improvements in efficacy discussed in this report are applicable
across the range of commonly encountered airflows. i.e. these improvements will offer
significant energy savings of a similar order of magnitude regardless of airflow, and test
procedure alignment.

The highest efficacy level required by standards and labeling programs in several countries is
significantly lower than what can be achieved by adopting the cost effective efficiency
improvement options discussed here. Hence current efficacy label levels need to be revised
significantly to encourage deeper penetration of efficient ceiling fans at the top of the market
with efficacies achievable using BLDC motors and efficient blades that are already on the market
in the US, and that are cost-effective.

The low penetration levels of efficient ceiling fans in both India and the US even with labeling
programs in place'® seems to indicate the presence of barriers to efficiency in addition to
information, such as first cost, that may not be able to be addressed fully within a standards and
labeling framework, particularly in emerging economies with price sensitive consumers.
However, despite the large saving potential, financial incentive programs to promote the
adoption of highly efficient fans by removing this first cost barrier are not common.

One notable example under development is the Super-Efficient Equipment Program (SEEP) in
India where financial incentives will be provided to fan manufacturers to produce and sell highly
efficient fans that consume less than half of the energy consumed by fans typically sold on the
Indian market (Singh et al. 2010). Even if the entire incremental cost of the highly efficient fans
is covered by the financial incentives, the cost of the conserved electricity for efficiency

'8 BEE’s voluntary star rating program for fans only covered 2% of the Indian market, while only 18% of the
fans(without a light kit) on the US ceiling fan market were compliant with ENERGY STAR (PWC, 2012, and EPA
2011) indicating significant room for efficiency improvement.
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improvements over 50% is just Rs. 0.7 per kWh ($0.014/kWh) which is about one sixth of the
cost of supplying electricity in India (J. Sathaye & Gupta 2010). SEEP or a similar upstream
incentive program for ceiling fans would be cost-effective even assuming higher costs and lower
hours of use as discussed in section 2.3.

This program has the potential to save peak power of nearly 5,000 MW in the next five years. It
is quite likely that a financial incentive program accelerating the penetration of highly efficient
fans has a large cost effective saving potential in several other countries and should be
considered as one of the key policy options for reducing electricity demand and emissions.
Detailed cost effectiveness estimates for other economies are presented in Appendix D.

Therefore there remains significant scope for improved policy design and implementation for
aggressive and cost effective ceiling fan efficiency improvements.
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Appendix A. Fan Laws

The fan laws in the similitude branch of the fluid mechanics and machinery literature (Wright &
Gerhart 2010) provide simple performance equations for ceiling fans as a function of basic
variables. The purpose of this appendix is to use these laws to guide policy rather than
conducting a detailed numerical analysis. The laws have traditionally been used to assess the
performance of prototype turbomachinery through smaller-scale models based on dimensional
and empirical analysis. Accordingly, these laws can also be used to assess the performance of
two similar machines, for example, two ceiling fans. The laws are presented in Eq. A.1 and Eq.
A2

For the purposes of this paper we have made the following simplifying assumptions: 1) that air
density is the same for the two ceiling fans being compared through the laws, and 2) that the
density of air does not change greatly as it passes through a ceiling fan (i.e., that the flow is
incompressible). In addition, we assume that motor efficiency is constant. We have addressed
motor efficiency separately in section 2.3.1. Eq A.3 is an equation for efficacy, which is a result
of Eq. A.2 being divided by Eq. A.1.

P =S3D5 Eq. A.1
Q =5SD3 Eq. A2
Q/P=S5"2%D? Eq. A3

Where:

P = p,/pp = ratio of power demands for two similar fans being compared, denoted by
subscript a and b

S = s,/sp = ratio of speeds
D = d,/d;, = ratio of diameters

Q = q,/qp = ratio of airflows

Q/P = % = ratio of efficacies
b/ Pb

The laws represent the operational similarity between two fans that are similar in design and
construction but differ in the variables P,S, D and Q. Rotation speed and downward air speed are
linearly correlated; therefore, we simply use “speed” in the discussion in the remainder of this
appendix.

Based on these laws, Table 14 presents proportional relationships between various variables for
two similar fans. The first two columns of Table 14 show relationships that indicate how changes
with respect to one variable influence performance while other variables are held constant. We

44



specify some variables to be held constant for each proportional relationship because this allows
us to assess the influence of the change in S or D on a particular performance characteristic. The
variables held constant for each relationship are shown in the third and fourth columns of Table
14. The last two columns of the table show the equations and corresponding numbers, which are
used to derive the proportional relationships in the first two columns. These equations are the
result of algebraic manipulation of the fan laws.

Table 14 Ceiling fan similitude relationships, which provide proportional relation between
design variables and performance characteristics

Proportional relationship: Constant: Corresponding equation:
S3aP Effect of speed on power D | Fansize | P = S3D5 Eq. A.1
SaQ Effect of speed on airflow D | Fansize | Q = SD3 Eq. A2
Eq. A2
S2a Q/P Effect of speed on efficacy D | Fansize | Q/P =S"2D"? Eq A3
D~*aP Effect of fan size on power Q | Airflow | P=Q3D™* Eq A.4
D*a Q/P Effect of fan size on efficacy | Q | Airflow | Q/P = Q~2D* Eq A5
D3aS$ Effect of fan size on speed Q | Airflow |S=QD73 Eq. A.2
Eq. A2
D5 aP Effect of fan size on power S Speed | P =S3D° Eq. A1
Eq. A1
D43 a Q/P Effect of fan size on efficacy | P Power | Q/P = P~2/3p*/3 Eq. A. 6
D53 asS Effect of fan size on speed P Power | § = pl/3p—5/3 Eq. A.1
D™%2a Q/P | Effect of fan size on efficacy | S Speed Q/P=5"%D"% |EqA3

First, we consider changes in fan performance as a result of changes in speed. As can be seen in
Eq. A.1 and Eq. A.2, power consumption increases proportionally to the cube of speed (S a P),
and airflow is linearly related to speed (S a Q), assuming fan size remains constant. Accordingly,
efficacy is proportional to the inverse square of speed (S™2 a Q/P) for a constant fan size,
which is consistent with Eq. A.3. This indicates that we can expect significant decreases in
efficacy as operating speed is increased, which has implications for policy design.

Next, we consider the changes in fan performance that result from increasing the size of a fan.
For a constant airflow, an increase in size can significantly reduce power consumption (D~* a P)
and increase efficacy (D* @ Q/P), in accordance with Eq. A.4 and Eq. A.5. Therefore efficacy
and power consumption can be significantly improved as a result of increasing fan size.

P=Q3D* Eq. A4

Q/P =Q2%D* Eq. A5
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However, these improvements are accompanied by a reduction in speed (D3 a S) according to
Eq. A.2, which reduces thermal comfort as a result of the reduction in downward air speed. If we
try to maintain a constant speed while increasing size, we see a drastic increase in power
consumption (D°> a P). Therefore thermal comfort resulting from downward air speed must be
carefully considered when increasing blade length to improve efficacy and power consumption.

This is in accordance with Eq. A.6, which results from using Eq. A.1 Eq. A.1 to substitute for S
in Eq. A.3. In this case the speed, and, in turn, the thermal comfort are not proportionally
reduced (D~5/3 a S) to the same extent as the case in which constant airflow is assumed

(D73 a S). However, maintaining a constant speed while increasing fan size still reduces efficacy
(D~% a Q/P), in accordance with Eq. A.3. These issues highlight the tradeoff between
improving airflow and efficacy as blade length is increased, versus increasing power
consumption to ensure that speed and thermal comfort are satisfactory. Accordingly, the tradeoff
has implications for policy design as discussed in Section 5.1

Q/P = p~2/3p*/3 Eq. A.6

46



Appendix B. Heat Transfer and Thermal Comfort

Eq. B. 1 and Eq. B.2 present the formula for the convective heat flux exchange between a human
body and its surrounding environment, as described in (Djongyang et al. 2010).

C = h(T, — Tg)AF Eq.B. 1
3.5+ 5.2[v, + 0.0052[M —58]] if v, <1m/s Eq. B.2
| 8.7[ve +0.0052[M —58]]"°  if v, > 1m/s

Where:

C is the convective heat flux exchanged (W)

w
m2K

h is the convective heat-transfer coefficient (

)

T, is the ambient air temperature (K)
T, is the mean skin temperature (K)
A is the effective convection body area (m?)

F € [0,1] is the clothing area factor, for which O represents high clothing insulation and
1 represents low insulation

v, 18 the resultant air velocity, taking into account the ambient air velocity (m/s)
v, is the ambient air velocity (m/s)

M < 200 is the metabolic heat production (W /m?)

We can take the derivative of Eq. B. 1Eq. B. 1 with respect to v, (dC/dv,) to analyze the effects
on heat flux exchange over the human body of downward air velocity from a ceiling fan. This
can then be manipulated as shown in Eq. B.3 to derive the ratio of percent changes of v, to C.
From Eq. B.3 we can see that for a v, < 1 m/s, a change in v, causes a proportionate change in
convective heat flux C, as values for v, increase. In contrast, for a v, > 1 m/s, an increasing v,
has a decreasing marginal effect on the change in C. Therefore, increasing fan speed beyond a
certain point does not greatly improve thermal comfort, which is a function of C.

%Av, dC v, 5.2[T, — T4« )]AFv,/C if vy <1m/s
%AC ~ dvg € |5.22[v, + 0.0052[M — 58] [T, — Ty JAFv,/C  if v, > 1m/s

In this paper, we do not discuss precisely how thermal comfort relates to convective heat flux C
because this can differ greatly from person to person and according to the type of activity in
which a person is engaged (Djongyang et al. 2010). This issue is also represented by the person-
specific and setting-specific variables, such as metabolic heat production, body area, skin
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temperature, and clothing (M, T, A, and F). The effectiveness of ceiling fans also depends on
whether they are appropriately placed with respect to the location of occupants within rooms so
that air movement near occupants’ bodies is maximized. All these sources of uncertainty make a
precise discussion of ancillary benefits for thermal comfort beyond the scope of this paper. This
is likely to remain the most difficult benefit of cooling systems to quantify in the near future and
suggests the need for further studies. However, since the existence of such ancillary benefits is
well established in the thermal comfort literature, policymakers could design pilot programs to
empirically quantify such benefits and maximize their impact in real-world settings.
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Appendix C. Effect of Fan Speed on Efficacy

Efficacy has an inverse relationship with fan speed. We examine the relationship both
empirically and theoretically in this appendix.

Empirical Relationship

A sample of 26 fans from 9 manufacturers from the Hunter Fan Company’s test results used for
development of the Energy Star program and first published in April 2001, is shown in the
Figure 15 below (Davis Energy Group, 2004). It plots fan performance at each of the three
operating speeds. Most of the fans have similarly shaped performance curves despite some being
more efficient than others, but four fans had significantly poorer performance and a distinctly
different curve. The efficacy curves for the poor performing fans are the ones with the negative
slopes.
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Source: Davis Energy Group, 2004
Figure 15 Efficacy Versus Fan Speed

A regression fit to the average of all models using the speed/airflow settings (high=5000 cubic
feet per minute (cfm), medium=2500 cfm and low=1250 cfm) yields a fit as follows
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Efficacy = -50.5 In (airflow) + 495.07

1.e. efficacy is inversely proportional to the logarithm of airflow(or speed, for constant size).

This indicates that decreases in efficacy as operating speed is increased are lower than that
indicated by the similitude relationships discussed in Appendix A. i.e. that efficacy is
proportional to the inverse square of speed (S™2 a@ Q/P) for a constant fan size. Note that these
similitude relationships assumed constant motor efficiency, while the empirical results do not.

Efficacy reduces by 35 CFM/W for every doubling of speed. i.e. in doubling from 1250 cfm to
2500 cfm efficacy reduced from 135 CEM/W to 100 CFM/W (100% increase in speed leads to a
25.9% decrease in efficiency).

Theoretical Relationship

Carter (1960, 1961) suggested a relationship between efficiency (not efficacy) of fans and
compressors and speed as:

1-n =k Re", n=-0.5 for Re<5x10*

. D .. o .
Where Re is the Reynolds Number Re= %, which governs the transition between laminar and

turbulent flow and is linearly proportional to fan speed (v). This suggests that 1- 1 increases with
the square root of speed, or that efficiency decreases with the square root of speed, as speed
increases, for axial flow machines such as ceiling fans and compressors.

Bullock (1964) suggested a similar relationship as follows:

17— g 4 bRy
1-n; Re;

Where Re is the Reynolds Number Re= %, which governs the transition between laminar and
turbulent flow and is linearly proportional to fan speed (v), and

0<a<0.5,

0.5<bx1, and

-0.2<c<-0.1

This also suggests that 1- n increases with speed to a power between -0.2 and -0.1, or that
efficiency decreases with speed to the power c(between -0.2 and -0.1), as speed increases, for
axial flow machines such as ceiling fans and compressors.
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All of the above data, suggest that efficiency decreases at a rate at most the square root of speed,
as speed increases.
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Appendix D. Cost of Conserved Electricity Results

Here we present the results of the cost effectiveness analysis for the economies of the SEAD
participating governments and China, for the various efficiency improvement options. The
assumptions regarding % savings and incremental costs are the same as those presented in
chapter 2. This is a reasonable assumption as the % savings numbers are the same for the same
technology regardless of economy, while the costs of BLDC motors and AC induction motors
are driven mainly by materials costs and the costs of electronics, which are part of the global
market. The cost estimates for efficient blades are more uncertain as these may be based on
proprietary designs, and blade design and manufacture is also driven by aesthetic considerations,
rather than just efficiency. This is also reflected in divergent estimates of the costs of
manufacturing depending on the design, material, manufacturing, and treatment/finishing
processes, as discussed in section 2.3.2.

Table 15 Cost of Conserved Electricity for various efficiency options in the SEAD
economies and China

Efficient Blades BLDC Motor (50% | . dulclggflorvn‘ﬁ 0’?% 5
(15% savings, $3.5 savings, $10.5 . ” | Represent
. . savings, $1.5 ot
incremental cost) incremental cost) . ative
incremental cost) Tariff
Economy | Discount B%Sgé“e CCEm | CCEc | CCEm | CCEc | CCEm CCEc ($/kWh)
y Rate (kWh) ($/kWh) | ($/kWh) | ($/kWh) | ($/kWh) | ($/kWh) ($/kWh)
Australia 3.11% 21 $0.13 $0.26 $0.12 $0.24 $0.023 $0.047 $0.10
Brazil 11.58% 88 $0.05 $0.09 $0.04 $0.08 $0.008 $0.016 $0.19
Canada 1.90% 11 $0.23 $0.47 $0.21 $0.42 $0.042 $0.084 $0.08
China 1.63% 75.3 $0.03 $0.07 $0.03 $0.06 $0.006 $0.012 $0.19
EU 6.63% 11 $0.30 $0.59 $0.27 $0.53 $0.053 $0.106 $0.19
India 7.60% 224 $0.02 $0.03 $0.01 $0.03 $0.003 $0.005 $0.08
Indonesia 1.12% 150 $0.02 $0.03 $0.01 $0.03 $0.003 $0.006 $0.09
Japan 3.28% 21 $0.13 $0.26 $0.12 $0.24 $0.024 $0.047 $0.22
Korea 4.19% 21 $0.14 $0.28 $0.12 $0.25 $0.025 $0.049 $0.07
Mexico 3.81% 88 $0.03 $0.06 $0.03 $0.06 $0.006 $0.012 $0.08
Russia 3.67% 11 $0.26 $0.51 $0.23 $0.46 $0.046 $0.092 $0.05
South |3 334, 88 $0.03 | $0.06 | $0.03 | $0.06 | $0.006 | $0.011 $0.08
Africa
U.S 1.47% 78.1 $0.03 $0.06 $0.03 $0.06 $0.006 $0.012 $0.11

Green highlights indicate the option is cost effective, in comparison with average tariffs.

As can be seen from the table, improved AC induction motors are cost effective in almost all
economies, while BLDC motors and efficient blades are cost effective in countries with higher
usage(i.e. high UECs), such as Brazil, China, India, Indonesia, Mexico, South Africa and the US.
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